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Introduction
Serious auricular defects such as anotia and microtia, along with auricle damage caused by cancer and trauma, demand an effective treatment for auricular cartilage reconstruction. For such cases, the field of tissue engineering (TE) provides a promising potential alternative therapy to the conventional and complex surgical reconstruction of auricular cartilage by using ear-shaped autologous costal and nasoseptal cartilage [1] [2] [3] . Bacterial nanocellulose (BNC), a novel biomaterial with excellent biocompatibility and remarkable tissue integration capability [4] [5] [6] [7] [8] , has been evaluated for several TE strategies and has shown to support adhesion, proliferation and differentiation of different cell types [9] [10] [11] [12] [13] [14] [15] . BNC is a natural biopolymer synthesized by various bacteria species, particularly Gluconacetobacter xylinus [16, 17] . Its three-dimensional and interconnected network is composed of highly hydrated nanofibrils ranging from 70 to 140 nm in width, similar to collagen fibrils found in extracellular matrix (ECM) of several tissues, with high tensile strength [11, 18] . BNC is considered a hydrogel since it is mostly composed of water in its native state (99%). All together, these outstanding properties make BNC an exceptional biomaterial for many biomedical applications [19] [20] [21] , including auricular cartilage reconstruction [8, 14, 22] .
Although several groups have attempted to engineer auricular cartilage [1] , few successful outcomes have been reported [23] [24] [25] . Development of artificial auricular grafts with adequate mechanical properties has been identified as a key factor for successful auricular cartilage TE [26] . Most studies that have used biodegradable scaffold materials have resulted in poor structural integrity (i.e. shape and size stability) of the auricular scaffold after implantation; caused by the short-lived chemical and mechanical stability [27] [28] [29] [30] [31] . On the other hand, recent studies that have investigated the use of non-degradable biomaterials for auricular cartilage reconstruction have reported a better structural integrity of the implant [23, 25, 32] likely caused by the chemical stability of the support biomaterial, which translates 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 into long-lasting mechanical properties even after implantation. As opposed to the many biodegradable scaffolds previously evaluated for auricular cartilage TE, the long-term structural integrity of BNC scaffolds should not be compromised after implantation since humans do not produce enzymes capable of breaking down cellulose [33] . Besides being a chemically stable material, BNC with increased cellulose content of 17% (densified hydrogel) is a competitive scaffold material for repair, reconstruction or regeneration of auricular cartilage since it matches the elastic mechanical properties (e.g. equilibrium modulus) of human auricular cartilage [22] , can be fabricated in patient-specific auricular shapes [34] and exhibits excellent biocompatibility in vivo -causing a minimal foreign body response [8] .
When densified, BNC hydrogel is a mechanically and biologically appropriate biomaterial for use in auricular cartilage reconstruction [8, 22] . However, its dense nanocellulose network prevents cells from penetrating the material. To circumvent this problem, several techniques have been developed to support cell ingrowth in BNC scaffolds by tuning pore size and pore interconnectivity during biosynthesis of BNC [35] , via laser ablation [10] and freeze-dry processing [36, 37] . Such macroporous BNC scaffolds have been shown to provide an adequate environment that supports ingrowth and differentiation of chondrocytes. For example, human primary articular, auricular and nasoseptal chondrocytes cultured in macroporous BNC scaffolds in vitro have been shown to adhere, migrate, proliferate and maintain their chondrogenic phenotypeas confirmed by the synthesis of cartilage-specific ECM [14, 37, 38] .
Engineering stable and functional auricular cartilage tissue also depends on the cell source used. Pleumeekers et al. showed that human auricular and nasoseptal chondrocytes possess a high chondrogenic capacity in vivo, making them attractive cell sources for auricular cartilage repair [39] . The use of cells in cartilage repair is an attractive strategy as it may result in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 regeneration of the lost tissue. However, the clinical application of a cell-aided treatment does feature challengesa limited supply of autologous chondrocytes with the proper phenotype being the most stringent one. To cancel out cell culture, including the concomitant laboratory logistics and the double surgery, autologous cells should be isolated within the operating room and applied directly. In addition, the combination of chondrocytes with a less limited source of autologous cells, such as bone marrow mononuclear cells (MNC), can overcome the challenge of having too few cells and may even increase the treatment's performance [40, 41] . By resuspending the cells in alginate, also the factor of cell loss after scaffold seeding can be diminished whilst simultaneously providing the cells with a 3D environment to suppress dedifferentiation [42] .
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Materials and Methods

Fabrication and purification of bilayer BNC scaffolds
Production of dense and porous scaffold layers
BNC hydrogel disks with increased cellulose content (i.e. dense layer) were produced and purified as described elsewhere [8] . Briefly, a suspension of Gluconacetobacter xylinus (ATCC ® 700178, LGC Standards, Sweden) was inoculated in 250 ml conical flasks containing sterile culture medium (described by Matsuoka et al. [43] ) and cultured at 30°C 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Where %DW Alg 
Fabrication of bilayer BNC scaffolds
A novel cellulose solvent system (i.e. ionic liquid EMIMAc) was used to attach the dense and porous layers and achieve a strong interfacial molecular bonding between the layers. The following steps were carried out in sterile conditions. First, dry homogenized BNC was dissolved in ionic liquid EMIMAc ( endotoxin-free water and conical tubes were changed every second or third day.
Subsequently, the bilayer BNC scaffolds (Ø 8 mm × 3 mm) were steam sterilized (as described above) in endotoxin-free water and stored until use at 4°C.
Characterization of bilayer BNC scaffolds
The morphology of bilayer BNC scaffolds was characterized by scanning electron microscopy (SEM) and micro-computed tomography (microCT). Moreover, the purity of the bilayer BNC scaffolds was analyzed throughout the purification process by bacterial endotoxin testing, infrared spectroscopy analysis and in vitro cytotoxicity testing.
Scanning electron microscopy
Samples were lyophilized (as described previously), thereafter sputter coated with a gold film and analyzed using a Leo Ultra 55 field emission gun (FEG) SEM (Carl Zeiss, Germany).
Micro-computed tomography
Bilayer BNC scaffolds (n = 3) were incubated in 0.1 M CaCl 2 solution at room temperature overnight and subsequently quenched in liquid nitrogen and lyophilized for 24 hours. The dry scaffolds were scanned with microCT (µCT50, Scanco Medical AG, Switzerland) at 45 kVp and 1 µm nominal resolution. The internal microstructure of the porous layer was then segmented automatically using a constrained Gaussian filter to suppress noise and a global threshold (25% of maximal grayscale value). 3D morphometric parameters such as scaffold porosity (Sc.Po), volume-weighted mean pore size (Pore.Th), scaffold wall thickness (Wall.Th), and scaffold wall number (Wall.N) were calculated using the manufacturer's morphometry software (IPL, Scanco Medical AG) according to the guidelines established for the assessment of bone microstructure [45] .
Bacterial endotoxin testing
Endotoxin extraction from the bilayer BNC scaffolds was done in accordance to the international standard ISO 10993-12:2009 (Sample preparation and reference materials). depyrogenated sample containers (Lonza, Belgium). Endotoxin-free water was added to the containers using the ratio of 0.1 grams of BNC/ml of extraction medium. The extraction was done at 37 ± 1°C for 72 ± 2 hours under orbital motion at 160 rpm. Endotoxin analysis was performed with the PyroGene TM Recombinant Factor C assay by Lonza. This assay has a minimum detection limit of 0.005 Endotoxin Units (EU) per milliliter. According to the USA Food and Drug Administration [46] , endotoxin levels in medical devices are not to exceed 0.5 EU/ml or 20 EU/device [46] .
Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy
Removal of EMIMAc residues from the bilayer BNC scaffolds was analyzed with ATR- in the mid-infrared region, 4000 to 400 cm -1 . 20 scans were taken with a resolution of 4 cm -1 .
Pure EMIMAc solution and pure dried BNC films were used as controls.
In vitro cytotoxicity testing
Removal of EMIMAc residues from the bilayer BNC scaffolds was also evaluated by in vitro in 96-well cell culture plates (1.0 × 10 4 cells per well) and incubated for 24 hours to allow cell adhesion. The medium was removed and 100 µl of extract or control solutions was added to each well and incubated for 24 hours. Cell culture inserts (ThinCert TM , Greiner BioOne, Germany) incubated in growth medium served as negative control (n=8), while 10% dimethylsulfoxide in growth medium served as positive control (n=8). After 24 hours of incubation in extract or control solutions, the medium was removed, 100 µl medium were mixed with 20 µl of CellTiter 96 ® AQueous one solution reagent (Promega, WI, USA) MTS and added to each well, followed by incubation for 2 hours at 37°C. Growth medium with reagent solution (without cells) served as blank (n=8). After incubation with the reagent, absorbance was measured photometrically (Infinite M200 Pro, Tecan AG, Switzerland) at a wavelength of 490 nm and a reference wavelength of 680 nm. The average absorbance value of the negative control was used to compute the cell viability, where the negative control was regarded as 100% viability. The cytotoxic potential of the test samples was classified as highly cytotoxic when cell viability was below 50%, slightly cytotoxic when it was between 51% and 70% and non-cytotoxic when cell viability was above 71%. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 medium. Subsequently, cell viability was determined using trypan blue staining and NCs were seeded in culture flasks at a density of 5,000 cells/cm 2 for expansion in monolayer culture. Once a cell confluence of about 85% was reached, the cells were trypsinized and cryopreserved.
Cell study I: performance of bilayer BNC scaffolds in vitro Isolation and expansion of human nasoseptal chondrocytes
Cell culture of human chondrocytes in bilayer BNC scaffolds
NCs were thawed and expanded one time in growth medium as described above. Once subconfluent, cells were detached and resuspended in differentiation medium (NH ChondroDiff Medium; Miltenyi Biotec, Germany) supplemented with 0.5% gentamycin. Prior to cell seeding, bilayer BNC scaffolds (n=30) were incubated in differentiation medium for 24
hours. The medium was discarded and 50 µl of cell suspension containing 1.0×10 6 cells was seeded into the porous scaffold layer (10,000 cells/mm 3 ). Cells were allowed to attach to the scaffolds for 4 hours in standard culture conditions (37°C, 5% CO 2 and 95% relative humidity), before transferring the seeded scaffolds to differentiation medium. Cell-seeded bilayer BNC scaffolds were cultured for up to 6 weeks and the medium was changed twice a
week.
Histological and immunohistochemical analyses
During the in vitro culture, constructs were harvested weekly for qualitative evaluation of neocartilage synthesized by the chondrocytes. The constructs were fixed in 10% neutral buffered formalin solution supplemented with 20 mM CaCl 2 at room temperature overnight, embedded in paraffin and sectioned (5 μm). For assessment of sulfated glycosaminoglycans (s-GAG) and cell distribution within the bilayer BNC scaffolds, longitudinal sections were stained with Alcian blue and counterstained with Mayer's hematoxylin. Furthermore, seeded scaffolds were processed for immunohistochemical (IHC) staining to detect cartilage specific proteins such as aggrecan (AB1031; Millipore, MA, USA), type II collagen (II-II6B3; DSHB, IA, USA) and the dedifferentiation marker type I collagen (ab34710; Abcam, UK).
An enzymatic antigen retrieval step was performed before incubation with primary 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 antibodies. For aggrecan staining, slides were incubated in 0.5 U/ml chondroitinase ABC (Sigma-Aldrich) in PBS for 20 min at 32°C, followed by incubation with primary antibody for 1 hour at a 1/100 dilution. For type II collagen staining, slides were incubated in 1% hyaluronidase (Sigma-Aldrich) in PBS and 0.2% pronase (Calbiochem, Germany) in PBS, each for 15 min at 37°C, followed by incubation with primary antibody for 1 hour at a 1/4000 dilution. For type I collagen staining, slides were incubated in proteinase K (Dako, Germany)
for 5 minutes at room temperature, followed by incubation with primary antibody for 1 hour at a 1/400 dilution. For visualization of these markers, the LSAB+System-HRP kit (Dako), which is based on the labeled streptavidin biotin method, was used according to the manufacturer's protocol. Sections were counterstained with hematoxylin.
Gene expression analysis
Samples were harvested after 2, 4 and 6 weeks of in vitro culture, snap-frozen and stored at -80°C until analyzed. For total RNA isolation, frozen constructs were placed in 2 ml microcentrifuge tubes in quadruples and 100 µl of lysis buffer (10 µl β-Mercaptoethanol per 1 ml Buffer RLT; Qiagen, Germany) was added to each tube. The samples were disrupted and homogenized for 2 minutes using a TissueLyser LT (Qiagen). Subsequently, 500 µl of lysis buffer was added to each tube and the cell lysate was used for total RNA isolation using 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 and LightCycler ® 2.0 instrument (Roche, Germany). Relative gene expression levels were calculated by means of the 2 -ΔCT formula. The Netherlands). Patented clinically applied protocols were used to isolate the cells within the hour [41] . In brief, cartilage pieces were digested enzymatically under mechanical stimulation. Upon rapid digestion, any remaining debris was filtered out with a 100-µm cell strainer. For the collection of MNCs, the bone marrow aspirate was relieved of its erythrocyte content using lysis buffer. Standard cell buffer was used for washing steps. Cell numbers and viability were measured using the Bürker-Türk method with trypan-blue exclusion.
Cell study II: performance of bilayer BNC scaffolds in vivo
Seeding of bilayer BNC scaffolds with MNCs and NCs
First, bilayer BNC scaffolds were freeze-dried in order to improve cell uptake during the cell seeding. To further improve the retention of cells in the scaffolds, cells were seeded in 1. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 (MNC/NC, n=4). 200 µl of the cell-alginate suspension was seeded into the porous layer of each scaffold. A cell-free alginate solution acted as a negative control (Cell-free, n=4).
Subsequently, the alginate was instantaneously crosslinked with sterile 100 mM CaCl 2 for 10 minutes and washed with 0.9% NaCl, followed by high glucose DMEM (Dulbecco's Modified Eagle's Medium).
Subcutaneous implantation of constructs in mice
To evaluate the stability of the bilayer BNC scaffolds and neocartilage formation in vivo, 
Histological and immunohistochemical analyses
After 8 weeks of subcutaneous implantation, constructs were harvested, set in 2% agarose, fixed in 10% neutral buffered formalin solution, embedded in paraffin and sectioned (6 μm).
To examine proteoglycans present in the newly synthesized ECM, deparaffinized sections were stained with Safranin O and fast green. To allow the use of the monoclonal mouse antibody collagen type II (II-II6B3, 1:100; DSHB) on constructs which had been implanted in nude mice, we coupled the first and second antibody before applying them on the sections 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 to prevent unwanted binding of the anti-mouse antibodies to mouse immunoglobulins, as described previously [47] . In short, the primary antibody was pre-coupled overnight with goat anti-mouse biotin at 4°C (1:500; Jackson Laboratories, ME, USA), followed by a 2 hour incubation in 0.1% normal mouse serum (CLB, The Netherlands) in order to capture the unbound second antibody. Antigen retrieval was performed through incubation with 0.1% Dako) was used as a negative control.
Biochemical analysis
Sulfated glycosaminoglycans (s-GAG) were quantified using the 1,9-dimethylmethylene blue (DMMB) dye-binding assay. First, alginate was dissolved in 55 mM sodium citrate and digested overnight at 56°C in papain (250 µg/ml in 0.2 M NaH2PO4, 0.01 M EDTA, containing 5 mM L-cysteine; pH 6.0). To be suitable for cell cultures containing alginate, the DMMB-pH-level was decreased to pH 1.75, as described previously [48] . The metachromatic reaction of DMMB was monitored using a spectrophotometer. Absorption ratios of 540 and 595 nm were used to determine the GAG content with chondroitin sulfate C derived from shark (Sigma-Aldrich) as a standard. The amount of GAG was expressed per tissue wet weight (n=4).
Biomechanical analysis
Mechanical properties of the retrieved constructs (n=8, MNC/NC-seeded and cell-free scaffolds) and non-implanted bilayer BNC scaffolds containing cell-free alginate solution 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 (n=5, non-implanted group) were assessed with uniaxial materials testing machine (Z005, Zwick GmbH, Germany) equipped with a 10 N load cell, a cylindrical plane-ended stainless steel indenter (Ø 0.35 mm) and a built-in displacement control. Bilayer BNC scaffolds were placed in close-fitting stainless steel cylindrical wells containing PBS supplemented with 1% antibiotic/antimycotic solution. Stress relaxation testing was performed as described previously [49] . Briefly, a preload of 3 mN was first applied on the sample to locate the sample surface and measure sample thickness, and held for 5 minutes. Five successive strain steps were then applied in 5% increments of the original sample thickness, and specimens were left to relax for 20 minutes at each step. The hold time was defined as the time necessary to reach equilibrium. Two locations were tested on each sample (center of the sample, and 1.2 mm off-center). Measurements of maximum stress (σ max ), instantaneous modulus (E in ) and equilibrium modulus (E eq ) were computed from the stress-strain curves, which are normalized for sample thickness. Additionally, a relaxation half-life time (t 1/2 ), defined as the time needed for the stress to decrease to half of its maximum value, was computed to estimate the viscoelastic relaxation after the first strain application, as described previously [22] .
Statistical analysis
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Results
Production and morphological characterization of bilayer BNC scaffolds
Bilayer BNC scaffolds, composed of a dense nanocellulose layer joined with a macroporous composite layer of nanocellulose and alginate, were successfully fabricated (Figures 1 and 2) .
The dense and porous layers were stable and firmly attached, which facilitated the handling of the scaffolds during the purification process and throughout the study. SEM images revealed a compact BNC network structure in the dense layer and a macroporous structure in the porous layer. However, information about the pore size distribution was not possible to extract from these images (Figure 2b 
Purification of bilayer BNC scaffolds
The bilayer BNC scaffolds were successfully purified from endotoxins, as shown by the low endotoxin level (0.15 ± 0.09 EU/ml) found after 14 days of washing with endotoxin-free water ( Table 2 ). This value is three times lower than the endotoxin limit (0.5 EU/ml) set by the FDA for medical devices [46] . The result from endotoxin analysis verified the effectiveness of the purification process to remove endotoxins from the bilayer BNC scaffolds. The removal of EMIMAc residues from the bilayer BNC scaffolds was analyzed with ATR-FTIR spectroscopy. The strong peak at wavenumber 1566 cm -1 , observed in the ATR spectrum of EMIMAc solution, was used to detect EMIMAc residues in the ATR spectra of bilayer BNC scaffolds. This peak is composed of two overlapped peaks that correspond to the carboxyl group of the acetate and an underlying ring mode of the cation, as
shown by previous studies [50, 51] . A small peak at 1566 cm -1 was also found in the ATR 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 spectra of bilayer BNC scaffolds after 1 and 7 days of purification. However, the absence of the peak at 1566 cm -1 in the ATR spectra of samples that were washed for 14 days confirmed the removal of EMIMAc residues from the bilayer BNC scaffolds (Figure 3a ). In vitro cytotoxicity testing supported this observation.
A one-way ANOVA was conducted to compare the effect of cytotoxic residues extracted from BNC bilayer scaffolds (i.e. at 7 and 14 days of purification) and control conditions on cell viability. There was a significant effect of extracted cytotoxic residues on levels of cell viability for the four conditions, F(3, 20) = 120.42, p<0.0001, ω = 0.97. Post hoc comparisons using the Tukey HSD test indicated that the mean cell viability for the 14-day condition (97.8 ± 4.7%) was significantly higher than the 7-day (18.4 ± 3.6%) and positive control conditions (25.6 ± 5.5%) at the p<0.05 level. Furthermore, there was no significant difference between the negative control and 14-day conditions. Thus, the cytotoxic potential of bilayer BNC scaffolds, after 14 days of washing with endotoxin-free water, was classified as non-cytotoxic (cell viability > 71%) ( Figure 3b ).
Performance of bilayer BNC scaffolds and neocartilage formation in vitro
Gross examination of the cell-seeded constructs throughout the 6 weeks of cell culture revealed that the adhesion between the dense support layer and porous layer remained good. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 chondrogenic ECM was observed throughout the porous layer, even at the center. However, fibrocartilage ECM was also synthesized by the NCs in the bilayer BNC scaffolds, as demonstrated by the positive immunostaining of type I collagen (Figure 4d ).
The capacity of NCs to synthesize cartilage-specific ECM components when seeded in the BNC scaffold was also investigated on the basis of the expression of the chondrogenic marker genes ACAN and COL2A1. To assess whether the NCs were able to redifferentiate and maintain their chondrogenic phenotype, the expression not only of the chondrogenic markers but also of the dedifferentiation markers, VCAN and COL1A1, was determined. Gene expression analyses confirmed the positive immunostains of aggrecan, type II and type I collagen. NCs cultured in bilayer BNC scaffolds were able to express ACAN and COL2A1.
The expression of both chondrogenic markers increased clearly during 3D culture for up to 6
weeks. ACAN and COL2A1 expression after 6 weeks was 3.4-and 4.9-fold higher, respectively, compared to gene expression levels at week 2. Expression of COL1A1 was also upregulated during 3D culture, where after 6 weeks was 1.7-fold higher compared to gene expression levels at week 2. On the other hand, expression of VCAN remained relatively close to zero during the 6 weeks of 3D culture (Figure 4e Cell ingrowth and cell distribution in the bilayer BNC scaffolds were also assessed by histological analysis. As demonstrated in figure 4a , the porous layer supported the ingrowth of NCs and facilitated a homogeneous cell distribution. However, it took 4 weeks of in vitro culture to get a dense and homogenous cell distribution since there was a substantial loss of cells after seeding in medium. As a means to increase the number of cells retained in the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 scaffolds, cells were seeded in alginate solution. This significantly improved cell retention in the scaffolds, even after 1 day of seeding (data not shown).
Performance of bilayer BNC scaffolds and neocartilage formation in vivo
The which was intensely stained in areas of the construct (Figure 5c ). Moreover, a Kolmogorov-Smirnov test indicated a significant difference (p<0.05) between mean GAG content for MNC/NC-seeded (0.87 ± 0.65 μg GAG/mg wet weight) and cell-free bilayer BNC scaffolds 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 (0.07 ± 0.11 μg GAG/mg wet weight). GAG-production in the MNC/NC group was almost 12-fold higher compared to the control condition (Figure 5d ).
Biomechanical analysis
A typical stress relaxation behavior was observed in all bilayer BNC scaffolds (MNC/NCseeded and cell-free controls), and the following measurements were determined for the p<0.001. However, E eq and σ max were not significantly affected by the tested conditions, H(2) = 4.19, p = 0.12 and H(2) = 1.12, p = 0.57, respectively. Post hoc comparisons using the Mann-Whitney tests indicated that the median t 1/2 for the MNC/NC condition was significantly higher than the non-implanted (U = 3, p<0.001, r = -0.74) and cell-free conditions (U = 48, p<0.01, r = -0.66). No significant differences in t 1/2 were detected between the cell-free and non-implanted conditions. A 2.4-and 3.4-fold higher E in and t 1/2 , respectively, were observed in the MNC/NC-seeded constructs compared to the cell-free 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 group. Likewise, a 1.8-and 3.6-fold higher E in and t 1/2 , respectively, was observed in the MNC/NC-seeded constructs compared to the non-implanted group (Figure 5e ) .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Discussion A novel bilayer BNC scaffold was successfully evaluated for auricular cartilage TE. This study demonstrates that non-pyrogenic and non-cytotoxic bilayer BNC scaffolds offer a good mechanical stability and maintain a structural integrity while providing a porous architecture that supports cell ingrowth. Moreover, bilayer BNC scaffolds, together with alginate, provide a suitable environment for human nasoseptal chondrocytes to form cartilage.
As shown by the endotoxin analysis, the purification process reduced the endotoxins in the bilayer BNC scaffolds to a level well below the endotoxin limit set by the FDA for medical devices [46] . This low endotoxin content (0.15 ± 0.09 EU/ml) found in the bilayer BNC scaffolds is in good agreement with our previous results (0.10 EU/ml, [8] ), where densified BNC hydrogel disks (i.e. dense layer) of similar dimensions were considered non-pyrogenic after purification with endotoxin-free water for 14 days.
The ionic liquid EMIMAc offers a novel cellulose solvent system to achieve a strong interfacial molecular bonding between the cellulosic dense and porous layers. We are not aware of any other methods that can achieve such result. On the other hand, using EMIMAc increases the risk of having cytotoxic compounds in the bilayer BNC scaffolds, if these residues are not properly removed during the purification process. Since the toxicity of ionic liquids is not well understood, the use of EMIMAc to fabricate the bilayer BNC scaffolds was investigated with precaution. The cytotoxicity of imidazole ionic liquids has been studied in a human lung carcinoma epithelial cell line model, and it was found that the alkyl-chain length of the ionic liquid has an influence on cytotoxicity [52] . However, the cytotoxicity of EMIMAc, in particular, has not been studied in eukaryotes. Consequently, we analyzed the removal of EMIMAc from the bilayer BNC scaffolds with ATR-FTIR spectroscopy, followed by in vitro cytotoxicity testing with sensitized L929 cells. The strong peak at wavenumber 1566 cm -1 was used to detect EMIMAc residues in the ATR spectra of bilayer 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 BNC scaffolds, as it has been shown that this peak is composed of two overlapped peaks that correspond to the carboxyl group of the acetate and an underlying ring mode of the cation [50, 51] . Since the peak at 1566 cm -1 was found in the ATR spectra of bilayer BNC scaffolds that had been washed for 1 and 7 days, it was considered necessary to continue washing the scaffolds in endotoxin-free water. The washing process proved to be successful in removing the EMIMAc residues, as first observed in the ATR spectra of samples that were washed for 14 days. The absence of this peak confirmed the removal of EMIMAc from the BNC bilayer scaffolds.
In vitro cytotoxicity testing supported our findings from ATR-FTIR. Bilayer BNC scaffolds washed for 7 days still had residues of EMIMAc that were highly cytotoxic to L929 cells (cell viability: 18.4 ± 3.6%). However, these residues were further reduced after the purification process with endotoxin-free water; yielding non-cytotoxic bilayer BNC scaffolds. These results are in good agreement with our previous study which evaluated the cytotoxic potential of pure densified BNC hydrogel disks (i.e. dense layer) and found the material to be non-cytotoxic [8] . All together, the results from ATR-FTIR and in vitro cytotoxicity testing demonstrated that EMIMAc residues were successfully removed from the bilayer BNC scaffolds after the purification process with endotoxin-free water; whereat no peak at 1566 cm -1 and no cytotoxic effects were observed.
Macroscopic examination of the bilayer BNC scaffolds after the in vitro and in vivo studies revealed that the adhesion between the dense and porous layers remained stable, as there were no signs of adhesive failure. We postulate that the interfacial bonding between the layers is like a molecular welding process. As the BNC-EMIMAc solution partly dissolves both surfaces at the interface, this makes it possible for the long chains of BNC to diffuse into both layers. Once the dissolved BNC is precipitated in ethanol, the interface structure is locked, which results in a stable interfacial bonding. We have observed that when pulling the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 dense and porous layers apart, the scaffold breaks at the porous layer, similar to a structural failure. In contrast, a weak adhesion would have had resulted in an adhesive or cohesive failure at the interface. Based on this observation we speculate that the interfacial bonding between the layers is stronger than the structure of the porous layer, although in this study the interfacial strength of the bilayer BNC scaffolds was not measured.
The compact BNC network structure of the dense layer provided a good mechanical stability, while the interconnected high porosity layer (75% porosity with mean pore size of 50 ± 25 µm) supported the ingrowth and homogeneous distribution of NCs throughout this layer. In agreement with our previous study, which evaluated BNC/alginate composite scaffolds in vitro [37] , bilayer BNC scaffolds also supported the redifferentiation of NCs to a more chondrogenic phenotype, which led to the formation of neocartilage; as demonstrated by the increase in gene expression of chondrogenic marker genes ACAN and COL2A1 and homogeneous distribution of cartilage-specific ECM after 6 weeks of in vitro culture.
Although, the expression of dedifferentiation marker VCAN remained constantly low, a strong expression of COL1A1 was observed during the in vitro culture. The presence of COL2A1 and COL1A1 indicates a subpopulation of NCs that did not switch to a chondrogenic phenotype during 3D culture in bilayer BNC scaffolds under chondrogenic medium conditions. After 6 weeks of in vitro culture, a rich and homogenous distribution of cells and neocartilage was observed throughout the porous layer of the scaffold, even in the center, which is known to be a critical region in static 3D culture due to the limited supply of nutrients and oxygen.
This outcome could have been accelerated by increasing the percentage of cells retained in the scaffolds after cell seeding, as there was a substantial loss of cells when these were seeded in medium. Embedding the cells in alginate significantly improved cell retention in the scaffolds after seeding. Alginate was chosen, since it has been successfully used to seed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 chondrocytes in a scaffold for in vivo implantation [53, 54] and this hydrogel is well known to maintain a chondrogenic phenotype of human chondrocytes and stimulate neocartilage formation [42] .
In the in vivo study we explored the application of a clinically relevant strategy, by seeding The presence of cartilage matrix in the bilayer BNC scaffolds was also supported by biomechanical analysis. At 8 weeks post-implantation, a significantly higher initial matrix stiffness and improved relaxation kinetics (i.e. higher E in and t 1/2 values) were observed in the MNC/NC-seeded scaffolds compared to the non-implanted and cell-free conditions. In fact, the effect size (i.e. ω and r > 0.5) obtained from the E in and t 1/2 data represents a large effect by the MNC/NC condition. However, there was no significant difference in E eq and σ max for the three conditions. Considering the improved relaxation kinetics in the MNC/NC-seeded constructs, we conclude that the ability of the MNC/NC-seeded scaffolds to attract and trap water was enhanced through the production and accumulation of proteoglycans and glycosaminoglycans in the bilayer BNC scaffolds. Nevertheless, since the intrinsic scaffold properties did not improve in the MNC/NC-seeded constructs compared to the no cell control 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 reached full mechanical strength. However, fine-tuning this intricate play has proven to be a challenge in TE. If the material degrades too rapidly, the neocartilage will collapse. Whereas if it degrades too late, it could induce a continuous inflammation that would affect the cartilage formation and when the material is finally degraded it would leave holes in the tissue, making it more prone to crack or collapse. Thus, we aim for a hybrid implant -BNC well integrated with the host and neo-tissue. The non-degradable BNC will provide long-term structural integrity after implantation, and has previously shown remarkable integration with the host tissue in different animal models [5, 6, 8, 56 ] .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 Fabrication and purification process of bilayer BNC scaffolds composed of a dense nanocellulose layer joined with a macroporous composite layer. BNC hydrogel disks with cellulose content of 17% (i.e. dense layer) were produced by compression, whereas BNC/alginate composite scaffolds (i.e. porous layer) were fabricated by a freeze-drying process. A novel cellulose solvent system (i.e. ionic liquid EMIMAc) was used to achieve a strong interfacial molecular bonding between the dense and porous layers. The bilayer BNC scaffolds were then washed with endotoxin-free water for 14 days to yield non-pyrogenic and non-cytotoxic scaffolds. Post hoc comparisons using the Tukey HSD test indicated that the mean cell viability for the 14-day condition (97.8 ± 4.7%) was significantly higher than the 7-day (18.4 ± 3.6%) and positive control conditions (25.6 ± 5.5%) at the *p<0.05 level. Furthermore, there was no significant difference between the negative control and 14-day conditions. Thus, the cytotoxic potential of bilayer BNC scaffolds after 14 days of purification was classified as non-cytotoxic (cell viability > 71%). Error bars represent the standard deviation of the mean. to examine proteoglycans present in the newly synthesized ECM, (c) whereas immunohistochemical analysis was used to detect type II collagen. (d) Cell-free and MNC/NC-seeded bilayer BNC scaffolds were also analyzed for glycosaminoglycan (GAG) content after 8 weeks of subcutaneous implantation (n=4 per group). A two-sample Kolmogorov-Smirnov test indicated a significant difference between mean GAG content for MNC/NC-seeded (0.87 ± 0.65 μg GAG/mg wet weight) and cell-free bilayer BNC scaffolds (0.07 ± 0.11 μg GAG/mg wet weight). (e) Biomechanical evaluation of cell-free and MNC/NC-seeded constructs after 8 weeks of subcutaneous implantation (n=4 per group), and non-implanted bilayer BNC scaffolds with cell-free alginate solution (n=5). Post hoc comparisons using the Tukey HSD test indicated that the mean Ein for the MNC/NC condition (0.76 ± 0.19 MPa) was significantly higher than the non-implanted (0.42 ± 0.15 MPa) and cell-free conditions (0.32 ± 0.10 MPa). Moreover, post hoc comparisons using the Mann-Whitney tests indicated that the median t1/2 for the MNC/NC condition was significantly higher than the non-implanted (U = 3, p<0.001, r = -0.74) and cell-free conditions (U = 48, p<0.01, r = -0.66). Error bars represent the standard deviation of the mean. *, ** or *** indicates p-values less than 0.05, 0.01 or 0.001, respectively. The scale bars indicate 4 mm (a) and 1 mm (b, c).
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